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SUMMARY OF 0BJECTIVES

le To conduct field and faboratory measurements of long term
crustal motions at periods longer than four minutes,

2« To install two borehole instrument systems about ! km apart
near 8oulders to investigate their cohearence and evaluate the
influence of tocal effects,

3e To develop and deploy an arfay of instruments {n wWyoming,
Montana or Colorado.
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INTRODUCTIDN

The measurement of crustal tilt can provide information on the
elastic constants of the earth and on the response of the aarth to
stresses of tectonic otigine !t can also be used to study strains in
areas of seismic activitys and might conceivably provide insight into
precur sory phenomena.

In order to make unambiguous tilt measuremenrntse It is essential
that tte ¢tilt sensor be both sensitive and stables and that it ke
insensitive to environmental perturbationse Furthermores the
instruments must be instailed in such a3 way that the reported tilts
are as uncontaminated as possible by variors local effects produced by
rainfall or by other extraneous disturbances.

The success of a given design can be most easily evatuated by
comparing the tilt records obtainad from several closely spaced
instrumentss since it is unreasonable to expect meaningful records
from instruments which show only weak coherence when operated a short
distance apart. -

An equally stringent test is a comparison of tidal tilt data with
theoryes Atthough the exact amplitude and phase of the admittance may
not be known at a particular sites a tidal analysis can be wused to
study the stability of the instrumental gains the linearity of the
systeme and the sensitivity of the system to the diurnal temperature
cycle.

The following is a 1list of the names of alt of the people who
have worked on the projecte Except for the first threees all of the
people listed have werked on this project on a temporary or part-time
basise

Je Christooher Harrisone Profs of Geologye C0=-P.la

Judah Levines Adje Profe of Physicss Co-P.l.

Charles Meertenss Research Assistant (Graduate Student)
Charles Ge Hansene Undergraduate Research Aide

John van Zant Harvey, Research Assistant (Graduate Student)
Robin M. Jeffriess Computer Programmer

John Magyars Postdoctoral Research Associate

Mark De Pearsone Undergraduate Research Aide

Michaal Ge Stchnappe Research Assistant (Graduate Student)
Jaanette A. Trebinge Secretary

tynn Re Wallochs Secretary

BOREHOLE DESIGN

The basic design of the borehote has not changed much since our
first holes described in our annual reports The holes we use are
nominatly 15 cm in diameter and 33 m deen. After the hole is drilled,
a steel casings 135 mm in diameter with 6 mm walls, is pressed into
the hole. The casing is shipped to the site in 6-meter lengths, and
is welded into a continuouss water-tight pipe as it is lowered down
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the holae The casing is sealed in place by means o¢of cement poured
down to the bottom of the hole before the casing is inserted and
around the sides of the casing after it is in place.

The steesl casing terminates at the bottom in an 2.3-metev ltong
stainless~-steel section wused o hold the tiitmeter capsules The
hottom section is 11«5 cm in outsida diameteres and has wsells &6 mm
thicka The top of this section has a transition section to the
standard carbon steel pipe which makes up the rest of the casinge.

The nottom section s closed at its lower end by a plate welded
on in the shope A hemispherical knob is welded to the inside of the
pottom plate to support the weight of the tiltmeter caosute,

INSTRUMENT CAPSULE

The instrument capsule is a l.8-meter length of stainless stee)
tubing closed at the bottom and having a pair of sontact points and a
flat spring welded on near its tonp and a second pair with a second
flat spring near its bottoms« The top of the capsule is sealed with a
cap attached by scraws and containing an DO-ringe The cap has a
water-tight opening for the electrical cable to pass throughes hooks
for attaching the tifting cabtes and a post for attaching the
orienting rods (see belowle

The capsule was designed to minimize tilt-strain coupling due to
cavity effactse Harrison (1976) has shown that there is no cavity
affect if the side of the borehole is usad as a reference axis for the
tiltmeter, and only a2 smalil effect if the center of the bottom of the
hole: is used as one reference point.

The capsule is raised and towsred by hand using a stainiess-steel
lifting cable attached to the top cape. The capsule can be raised or
jowared in a few minutcsSe

The (ength of the capsutle also improves the coupling between the
tiltmeter and the earth b increasing the effective lever arm from a
few centimeters (the length of the tiltmeter) ¢to approximately 2
meters (the length of the capsuled.

In fiqg- 1 we show the capsule installed at the bLottom of the
borahol e

Tre caocsule weighs approximately 30 1bse This weight is
supported on the hemispherical knob located at the bottom of the
casinge The cables connecting the capsule with the surface are Jeft
slacks their weight is supported from a bracket at the top of the

C451INge
CAPSULE ORIENTATION

in order to compare the tilts recorded by different instruments
or to compare the tidal tilt with theorye 1t i5s necessary to know the
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orientation of the tiltmeter. Magnetic sensors inside the capsule to
sense the direction of the earth®s magnetic field cannot be used since
the casing is magnetice The capsule itself is usually not visiple
feom the surface so that we cannot determine the orientation by
sighting on the capsule frcm the top of the hole.

We have daveloped a system involving a series of Llight rods to
determine the orientation of the capsule at the bottom of the hole. A
post is welded to the top cap of the tittmeter capsule with a flat
side oriented so that the normat to the flat side is alang the axis of
one of the tiltmeterss As the capsule |Is lowereds additional sections
of rod are added. The first section attaches to the post on the
capsule using a trapped b3il and a detent to provide an easily
removeable coupling? subsequent sections bolt together with small
screwss Each section is notched so that it can only be attached in
one orientatione After the orientation of the top notch is determined
using a transit and a compasse the entire series of roas is removecd
from the capsule by simply 1ifting gently so as to d4isconnect the
bottom rod from the tiltmeter capsule.

This method has been used to determine the zzimuth of instruments
at the bottom of holes 33 m deep. We estimate that the uncertainty in
our determina’ion of the azimuth is about one degreey, although we have
no independent way of checking ites It is difficult to extend this
technique to holes much deeper than 33 meters since the weight of the
rods becaomes appreciables and the capsule becomes very difficult to
handlee

LEVELLING PLATFORM

The levelling platform mounts inside of the tiltmeter capsule and
is wused to support and level the tiit sensorse It is supported on a
three-polint kinematic mounte Two of the supports are screws connected
to sma)l motorse. These motors are driven from the surface and ware
used to re—zero the instruments. The laevelling platform has a range of
approximately five degrees {in any directions so that the instrument
must be vertical to within fite degrees to start with, This (limited
re-zeroing capability imposes some constraint on the drillerse but the
required tolerance can be met in 33 meter deep holes.

In fige 2 we show the tiltmeters and the levelling platforme

TILT SENSORS

Aty of our instruments use mechanical tilt sensorse The sensors
are penduliums mounted on fine wire suspensionse All of them have been
manufactured by Larry Burris of Instechs Ince They have naturat
periods of a fraction of a second (the actual periods differ slightly
since both horizontat and vertical pendulums have been used)s In ali
cases the pendulum is placed between two fixed plates separated by
about one mme

The two capacitances (from the center plate to either end plate)
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form two arms of a capacitance bridge. The other two arms are formed
by two fixed impedancess traditionally the center-tapped sacondary of
a carefully balanced transformere. We have used two precision
resistors to complete the bridge rether than the two halves of the
transformer since this configuration is easier to :3just

1f the two outer plates are ariven out—-of-phase by a high
frequency aeCe signal (of ordar 10 kHz)e the sicnal at the center
olate has a magni tude proportional to the deflection of the center
plat2 from the electrical wmidpoint of the system (ieee from that
position at which the potential in the gap is the same as the mean of
the oquter plate driving voltages)y and a phase (relative to the
driving signal) qiving the direction of the deviation.

TILT ELECTRONICS

Since both the ampl,tude and phase oi the signal at the cente
ptate carry information we use a phase-sensitive detector to derive 3
voltage proportionat to the tiit. The reference for the phase
detector is obtained from the drive signat to the outer platese The
siynal input tn the jhase-sensitive detector i{is driven by a
preamplifier having a 9a: n of several thousand (the actual gain is set
by running the tilt sensor on a test table and adjusting the gain to
yield an overall sensitivity at the output of nominatly 2
volts/microracian)e

The iow mechanical sensitivity of the pendulums requires a
correspondingly high gain in the elecironics if the instrurent is to
pe sensjitive to tilts at the nano-radian level.

An 2quatlty difficult problem is the sensitivity of the system to
fluctuations in the parasitic capacitances in the circuit {especially
in the componants that crive the outer platesy and between the
connecting wires and gQrounds The capacitance betwean the center plate
and gither end plate is of order 3 pfy 2and a full-scate tilt (of order
5 micro~-radiuns) results in a change of only about one gart per
million in this capacitances Thus the entire system must have stray
capacitances whose values change by 1ass than 2 snmall fraction of a
pfe and in practice this ricuirement is far mere stringent than the
need for high evectrica: 7ain. We have addressad this requirement by
kaeping the system as smalt as possibla and by placinr the entire
electrsnics packaqge i1n the temperature—-stabilized environment at the
bottom of the holee.

The most sansitive part of the circuit is the part that generates
the drive voittage foar the outer platas. The drive voltage for the
outer platew is obtained from a small step~up transformer. In many
cavacitanrce bridge circuitsy the transformer is center-tapped with the
center-tap groundede The bridge is formed by the two capacitances of
the tilt s2nsar ang the two halves of the transformer secondarye Thus
the tilt signal +s obtained by comparing the two capacitances against
the two halves of the transformer secondarys The stray capacitances
between turns are appreciables and it is difficult to find commercial
transformers for which the manufacturer will guarantee the stability
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of the secondary {impedance. In addition the resistance of each half
of the secondary s not negligibles and this resistance combines with
the inductance of the coil and the stray capacitance to ground to form
a complex frequency-~dependent driving impedance for the outer plateses
These impedances do not cause problems (f they are carefully haltanced.
However it is difficult to match the temperature ccefficients very
welle Our circuit therefore uses a secondary with no center-tap
driving a pair of matched resistors to grounda In this circuit the
bridge is formed batween the two capacitances of the tilt sensor and
the two precision resistorss The driving impedance of the transformer
is unimportante provided onty that it is small enough to act Ilike =a
pure voltage source when driving the bridges In this circuite the
balance may be ¢trimmed by Iinserting a small! potentiometer if
necessSary. Although we have not found this to be necessartye it has
been nacessary to adjust the refative phase of the two outputs so that
the two plates are driven exactty out of phasee (This tack of perfect
anti-symmetry presumably arises from a slight difference in the stray
capacitance between each half of the secondary and ground.) Unless
this is done quite carefullys the signal at the input stage does not
go to 2zero even at the electrical center due to the appreciable
quadrature voltagees The quadrature vo'tage nay be large enough to
saturate the input stage (if the systen 1is sufficiently out of
balance) thereby limiting the sensitivity of the systeme The trimming
capacitors requirec to cancel! the quadrature voltage are on the order
of a few pfe SO that lead dress is criticats 7The size of the trimming
capacitance required is determined by tria! and error for each
instrument after 1§t has been assembled. The optimum trimming
capacitance is that vatue which minimizes the aquadrature voltage at
null.

Although the Gguadrature component of the imbalance is serious
since it limits the aece gain of the systems it does not contribute
to the finat tilt output. The in-phase component is much more
important in that it adds to the true tilt signa! and produces an
offset whose stability must be controllied if the full stabhility of the
system is to be realizeds The stability of this offset is difficule
to assess since it depends on parasitic capacitances that are
difficutt to measures

The entire circuit is carefully enclosed in a shielded hox to
minimize changes in <tha stray capactitances. Neverthetless {t is
possible that some of our long-term °*tiits® and some of the residual
sensitivity to temperature changes (both of these effects will be
discussed later) may in fact be caused by changes in the values of
some of these components with a resuiting change in the ba:ance point
of the capacitance bridge.

The tiltmeter electronics package consumes aporoximately 3 watts
of electrical opower. This power is dissipated as heat within the
capsules In our early instaliationse the main heat loss mechanism was
via air convection within the capsule. As the air near the
elactronics was warmeds an inversion was established as conler air
sbove trapped this warm aire After about twenty minutese the warm air
would become hot enough to displece the cool aire the temperature at
the electronics would drop and the process wculd be repeatede This
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periadic convection process produced a corresponding periogic "tilt."
We solved this problem in our later designs by surcounding the
electronics with baffles to pravent this convection process and to
increase the rate of cooling via conduction to the capsule walls.

These baf fies are made out of foam rubber? they ate cut to fit snugly
around the electronicse.

POWER SUPPLY

The electronics package described above together with the
digitizing system to be described below consume approximately 7 watts
of poware This is somewhat more than can be conveniently supplied by
battaeriese. All of our existing sites have commercial power nearbys

and this will be a restriction on site selection for the forseeable
futures

In order to minimize coupling between the tiltmeter and surface
electrical noises we do not have the tiltmeter power supply on thr
surfacee The power supply on the surface produces +5 ve deCe onlyy
and this is converted inside the hole to the +/- 15 volts required for
the tiltmeters Iln addition to decoupling the tiltmater from surface
noise it alsu allows us to define » totally indepandent ground system
for the tiltmeter and for the surface equipment.

The vottage drop in the cable beiween the surface power supply
and the powsr converter is removed by using remote~sensing supplies
with a separate set of leads to sense the volitage at the electronics.

The % volts itself is used only for digital TTL circuitrys and noise
nickup is not a problem.

aAimost all of the low voltage witring is inside of the borehole
casing which s a heavys low-inductance path to grounde This wiring
is probably immune from lightning strikese. Howaever the commercial
powar input and the transmission cables are exposeds They are both
protected withh 40V type surge protectorss but these are uniikely to be
of much wuse in disipating the energy from a nearby lightning strikes
Path of our sites are near ltarge antenna arrayse and these probably
protect us from direct hits:e In fact w2 have had more trouble with
lightning strikes on the telephone lines (which have destroyed modems
and telephone company junction boxes) and on the JILA building itself.

Thesa strikes have caused problems with the central acquisition
computere.

FEEDBACK SYSTEM

The etectronics package described above produces a voltage
propurtionat to tiite The actual calibration depends on the gain of
tne electronics and on the mechanical sensitivity of the system.
Whitle the Jatter is determined by the physical size of the pendulum

and is probably stable in timee the former may _change as the
comporniants agee

It is possible to avercame this changs in catibration

by wusing
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feedbacke The output of the electronics package is fed back to the
tilt sensor to drive the pleate back to the slectrical center of |jts
travel. Since the etectrostatic force betweaen tuo capacitor plates is
always attractivey the fesdback voltage must be superimposed on a bias
s0 that the oplate can be driven either way. Some Systems apply the
bias by raising the opendulum above daCe 9round. This has the
disadvantage that the dece bias voltage is sonlied directliy to the
input of the pre-samptifier whiche If it Is constructad as a classical
current~amplifying stages s sensitive to dece Ve have chosen instead
to apply the deCe bias voltage to the ocuter platesy and to sum this
bies voltage with the tiit error signal using conventiona! operational
amplifierse The sum of the ecrror voltage and the bias voltasge is
applied to one outer plate while thae differaence is appolied to the
othere In this way thr plate can be driven back towards the
electrical center of the systems

As with all servo foopse the phase of the feedback nust be
tightly controllede Since the pendulum will show an anpreciable phase
shift in its response as its resonant frequency is approachede it is
important to confine the f¢ Jack to frequencies well! removed from the
natural period of the pendulume In our case this means that the
feedback system cannot be wused at periods shorter than tens of
secondse sinca otherwise the phase shift of the response trelative to
its ftow frequency valuel will tend to drive the system into a
sustained osciltlation at a frequency near the resonant frequency of
the pendulume. The 1limiting of the feedback frequency response is
accompl ished with a simple towpass filter with a corner freguency at
six seconds. Since this pertiod s much longer than the resonant
period of the pendulume this f(towpass flilter dominates the system
responses and the feedback on the pendulum is confined to the linear,
zZero~phase-shift domaine MHigh frequency disturbances are therefore
attenvated by the lowpass filter and are not fedback to the pendulume.
At these high freguencies the penduium is not servoed and behaves like
a classicaly free systems In order for this system to worke the noise
at these non-fedback frequencies must be smalt! enough so that the
pendulum does not move far from its equilibrium position or etse the
input stage will saturate or thre high frequency noise peakss thus
assentially shutting down the [{(oap. fFeedback is therefore only
affective a¢ quiet sites with not much noise above about 0.5 HZz,.

It is important to understand the advantages and disadvantages of
a fedback systeme since feadback {is often promated as a universal
cures The primary advantage of feedback is that the gain of the
electronics bhecomes unimportante provided caly that it is above a
nominal minimume The force necessary to drive the plate back to the
electrical center of its travel! depends on the physical properties of
the penduiumy and the relationship between the output signal (the
correction voltage) and the ¢titit is therefore independent of the
details of the amplifers 4 second advantage arises from the fact that
the pendulum i§is always kept at the same point relative to the outer
plates so that non-linearites in the response produced by capacitance
fringe fields or by friction (n the support are miniml2ede (This
second advantage is of somewhat less importance in our system since
the pendulum hardly moves in any casees A full scasle deflection of 5
micro-radians corresponds to a motion of the pendulum of only 25C nme
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a bit less than the wavelength of blue i1ight.)

Howevery these advantages are not achieved at no coste The
feedback system always drives the pendulum back to the electrical
centar of its travely iesge to that point at which the in-phase signal
at the center plate is zero. Thus while the feaedback concept
attenuates changes in gaine it does not attenuate changes in d.r.
offsets ie€e in the determination of when etectrical zero is reached.

In a corventional (i.eevy non-fedback) systemy the electronics
process the a.Ce signal from the center piate and produce a dece
vo! tage proportional to its magnitude and phasee Most of the circuit
operates at the aece drive fregquencye and the circuit is therefore
insensitive to small dece offsetse Thae gain is set by the ratios of
various ’'esistorse rather than by less reliable active elements.s In a
well designed conventional system offsets are not much of a problem,
since the high gain stages are not sensitive to deCe and the detv.
sensicive stages are at the end of the chain (where their of fsets will

not be multionlied by a following stage) and are of refutively low
04iNe

This is not true in a fedback systems howevere The bias voltage
and the error voltage must be processed as dece signalise and drifts
in either the bias supply or in the summing amptifiers appear as first
order changes in the zero and are not taken care of by the feedback
principles Thus in return for removing the sensitivity to gain
changas in the main amplifjer the feedback system imposes extremely
stiff requirements on the deCe part of the loope. In addition,

changes in the magnitude of the bias voltage produce changes in the
gain of the systeme

Changes in offset or changes in dece bias voltage are produced
by changes in the active elements in the summing tvircuit (i.ee« in the
op-amps used for the summer and in the zener diodes or batteries used
for the bias voltage), and are not easily controllieds All of these
effects have significant temperature coefficientse so that the loop
must be operataed in a controlled environments

In summary. feedback will improve the linearity of an instrument,

but its effects on the long term stability and on the calibration are
not cleara

We have been experimenting with one feaback system to gain some
experience with feedback principless As we will show DelOws we see no
non-linearities Iin our oapen-foop seinsorses and we would therefore
expect the fedback instrument to be not much better than the open-loop
devicess Although the complete story is not yet iny this in fact
seems to be the case.

DIGITIZING SYSTEM

tvery heie has its own digitizere This has several advantagese.
The most important advantage s that it eliminates the need for
transmitting analog titt information on the suvface where it is
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subject to noise pickupe It also increases the isolation between

holes and prevents large ground. loops between widely spaced
instrumentses : R

The digitizer in each hole is'reibtiVefy simples It is made wup
of an analog muitiplexory 'an -anatoug- to-dogntal converters and a

. control section m-de up of approxlmately 25 integra%ea circuitse

The digitizer communicaxos with - the recording system wvia two
optically isolated 'coaxia! cabﬂes “using a  bit~-serial transmision
systome (It would also- be possible to use: tuisted palr cabless but
the decrease in cost of the, cable would be- offset by the fncrease in
the complexity of the ‘cabfe dr:vers and secenvers.' Coaxual cable can

" be driven from ordinary open-co!lector pouer droversy but tu:sted pair

requires true differential transmitters and receivers to he fully
effectivee) The transmission system is the same as ordinary RS5-232C
except that the voltage levels are standard TTL levels rather than the
bi-polar levels used ir the RS-232C protocol. By optically isolating
the cableses we decouple the instrument from the ground at the
recording system which may be several hundred meters awaye.

The digitizer remains idle until it is activated by a command
from the recording systemes Commands take the form of 8-bit characters
transmitted at 300 baud on one of the coaxial cables. For
convenijences standard ASCI] characters are usedy although in fact any
B-bit codes would doe« The control section recognizes three commands:
Reset multiplexor to channei zero (ASCI1 code 2%2): Advance multiplexor
to next channel (ASCII code %)% begin conversion and report value
when completed (ASCll code ?)s The reset and advance commands afe
used to set the multiplexor to any one of eight anatog inputse After
the multiplexor has settied down tapproximatety 10 ms)s the begin
conversion command is issuede When the anatog-to-digital converter
completes its cycley the value is transmitted back to the recording
system using the other coaxial cable.

The analog-to-digital converters have a resolution of 12 bits (1
part in 4096)y and they use a sign/magnitude binary codes The 12
binary bits are grouped into four groups of three bits each and are
transmitted as  four octal digits in standard ASCII codee (The sign
bit is transmitted as the most significant bit of the most significant
digite so that the actual digitized value is obtained by subtracting
4000 octal from the received magnitudes) Thus Loth the command
characters and the reply are in standard printing graphics running at
a standard speed (300 baud). After the & octal digits are
transmititedy the contro! section adds the multiplexcor address as two
additionai octel digits and a carriage return character. The
multiptexor address allows the recording system to verify that the
correct number of channe! advance characters wére received by the
digitizere The carriage return s added for compatibility with
standard input routines that buffer {input to a program until a
carriage return character is received.

Although it has never been usede the control section also
recognizes five other ASC!1 characterses These five codes coutd be
used to remotely perform any function« These cordes were intended to
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provide the ability ¢to change the qain of the electronics and to

re-zero the systeme but neither capability has proved to be necessarye.

TRANSMISSION MULTIPLEXOR

The cabtes from every hole at a site terminate in one
transmission multipiexore The function of this circuit is to allow a
large number of holes to be controtied by a single RS-232C port driven
by a telephone line or by a micro~computer,

The transmission multiplexor accepts one RS-232C input from a
controlter and logQically connects this input to any one of sight
coaxial cable pairse (The connection also includes level translation
betwaen standard bi-polar RS=232C levels and the TTL standard levels
used for the transmission to and from the holess) The transmiss’on
multiplexor reco3gnizes the eight ASCII1 control codes with octal valuo .
20 through 27 inclusivee. When one of thes=2 codes is receivedsy al}
subsequent characters are transmitted to the hole identifed by the low
order digit of the codes and all signals received from that hole are
transmitted back to the control inpute Thus if octal 24 is receivedy
all subsequent characters are sent to hole number foure and al)
responses by hole number four are returned to the controller. The
connection remains unchangad until the next control code is received.
Note that both command characters and valid response characters can
never include any of these address codes and the two can therefore be
sent intermixed in any orfdere This greatly simplifies the switching
system since all switches can be active all of the time.

DATA RECORODING

The data from all of the tiitmeters are sent to the campus of the

University of Colorado in Bouldere The existing stations and several
proposed new stations are shown in fig. 3.

he use two types of transmission from the tiltmeter sites to the
Univarsitys

The first type of system uses a dedicated voice=grade telephone
line Dbetween the centra: computer and the tiltmeter sitees This type
of system is used to link the N8S site with the recording systems for
axample. The transmission multiplexor is driven from the central

computer via modems at each end of the dedicated voice~grade telephone
'ineo

The central computer keeps time by counting the zero crossings of
the 69 Hz power finece Every six minutes the computer sends the
appropriate codes to activate the transmission multiplexor at the
distant end and to sample the Odata from avery active tiltmeters

The computer can make several rudimentary checks on the datae
The computer verifies that the reply characters are valid octal digits
and tnhat the channel address returned by the digitizer corresponds to
the number of channetl advance characters sente The computer also
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checks that oniy seven characters were reccived (four digits
corresponding to the digitized tiite two for channe! address and the
carriage return)s and that the characters were received promptly
{detay of less than five seconds)e If any of these checks failse the
computer retries the entire process up to five timese. If the error
persistsy the reading is flagged as having a fatal errors and the
operation continues with the next active channel,. This process s

“repeated for every site linked in this waye. The average time to

record the data from a single channel is about one second. During
this time all other tasks on the computer are stopoed.

“!n'order to drive this systems the computer must maintain a table

of active liness and a 1ist of how many instruments are active on
‘every linee This is done in a manner described below under sofiwarees

This system is extremely simple ard requires very tittle hardware

at each sites A failure of the ceniral computers howevers stops the

data acquisitions and recovery of tha missed data is impossibley since
the site controliers have no memory to store data and no ability to
initiate a measurements Although this is a weakness in principles it
has not made wmuch of .a difference in practices since the digital
recording svstem has been one of the most reliable parts of the

systeme

Note that in this system a given tiltmeter is identified by a
series of hardware-refiated parameters: the hardware port to which s
given dedicated line is connecteds the transmission multiplexor port
to which a given hole is connecteds and the analog multiplexor input
to which 2 gliven tiltmeter is connectedes Fach one of these address
parameters is distincte and different sites do not share any hardware.

We naow have two Sites connected in this way (one at N8S and one
in the basement of JILA itseff)y and the software as written can
support seven such sitese.

The second type of recording system uses a time-multiplexed radio
link to transmit the data to the University. This type of system is
used to link the frie sites for example.

In this systeme the transmission multiplexor at the site is
driven by 2a micro~-computer at the sites The micro-computer is
programmed in FORTRAN and the program code is stored in programmable
read-oniy-memory (EPROM). The EPROM chips can be erased by exposing
them to intense ultraviotet light for approximately 20 minutese and
can then be reprogrammed.

The program development is done on a small micro-computer in the
laboratory having the same hardware configuration as the field device.
The program development machine also has a floppy disk system which
holds the FORTRAN compilersthe editor and the program texte The
micro—-computers are built around the 280 central-p.,ocessor chip and
the S$-100 bus architecture’ this configuration s supported by many
vandors and was chosen primarily because the components are available
i.. our stockroome
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The micro-computer acquires the data in much the same way as the
central computer doeses The program keeps track of the time of day by
reading & quartz crystal clock connected to the main computer buse
The table of active tiltmeters is stored in the EPROM along with the
program code and cannot be changed in the fields Every six minutess
the micro-computer activates the multiplexor and reads the data from
all of the active tiltmeZlerss It then performs essentially the same
checks as the central computer does: if the reading is valid it is
storad in MOS memcrye If the reading Is invatid after five re-tries,
the value 8007 is storea instead of the data in errore Note that the
d.git 8 is not octal and is used to indicate a hardware error. It
cannot appear in a valid transmissione (The eight must appear as the
first digit of a vatue to be recognized as the hardware-error flag.

In any other position it is treated as a transmission e¢rrore The

three digits following the eight are reserved for specifying the type
of errore but only the vatue 000 is currentiy used.)

This proccss continues for 60 minutes (ten data scans)e At the

endt of an houre the micro~computer activates the VHF radio link to
transmit the data to the central computer ir Boulder.

The radio link is composed of commerciat VHF equipmente The
radiated power is 25 w into a quarter-wave vertical whip mounted over
2 ground-planeg on a mast approximately 8 m above the ground. A
commercial frequency=-shift-key modem of the Bell! system 103 type is
rconnected to the audio input of the VAF transmitter using a smail
transformer to match the output impedancs of the modem (600 ohms) to
the input impedance of the audio stage (50k ohms)e An adjustabfe
attenuator s also provided to avoid over—driving the audio stagesSe.
The data input to the modem {s$ connected to an auxiliiary RS=-232C port
on the micro-computere. The transmicter is switched from standby to
transmit by means of a smali{ reed relay activated by setting the
request-to-send (RTS) bit in the RS-232C (nterface.

After switching on the carriers the program waits it=en seconds for
the carrier to stabilize and then begins by transmitting the station

preamhblies This consists of two tines of text in ASCI1 code as
follows:

xxxxx-start <carriage return><{liine feed>
y/d3d hhimmiss <carriage return><line feed>

wheare xxxxx is the name of the station (esge ERIE)e yyddd is the year
and the day f(e.Qe 81182) and hh:imm:ss is the time of the
micro-computer clock in 24-hcur format and in universal time (UTC)e

Afcer e preambles the micro-computer waits one seccond and then
beqins transwitting the data in an encoded form (to be described below
it the section on software)e. Wwhen all of the data have bean
transmittecs the micro-computer sends a <carriage returnd, a <line
feed> an. the post-amble consisting of the phrase

xxxxx~end <carriage raturn><ltine feed>
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where xxxxx i{s the station identsfier as above. The micro-computer
then waits five seconds ard turns off the carriers returning the
transmitter to the stanqry, conditione

After the transmissions the micro-computer examines the state of
the data buffer and computes {if enough room exists for a complete
hour*s worth of additional data (10 scans X & characters/scan X the
number of active channels)e If the buffer can hold that many more
charactersy nothing is done and the new data is simply addea onto the
end of the existing datae The next transmission will thus repeat some
o1d data along with the new data to give the receiving station a
second chance in case the receiving station was down or the first
transmission was received in errore.

1f the buffer cannot hold another hour®s worth of datae. the data
tn the buffer are pushed down by the number of characters recorded per
houre thus erasing the oldest hour of datae. Thus each transmission
starts by repeating old data and ends with the most recent datae.

The data buffer can hold 2500 charactarse This is approximately
five hours of data if eight channe{s are actives 50 that every datum
will be sent about five timese Alternativelys the central site can be
down for about five hours with no loss of data.

Since the maximum number of characters transmitted is about 2600
the maximum transmission time is about 85 seconds at 300 bauoce.

I1f the power failss the data in the MNS memory is losts but the
clock keeps runninge powered by a small 9 v battery. When the power
is restoreds the program is automatically restarteds Since the entire
program text (including the active ¢tiltmeter tabte) is stored in
read-oniy memorye the system resumes synchronousiy when the next scan
time arrives. Onfy the data from the last transmission to the power
failure Is 1oste and this will atways oe an integral number of
sampleSe. {Wwhile the power is off the data would be lost in any case
since the tiltmeters themselves go off.)

The data is received at the University by a commercial VHF
receiver connected to a quarter-wave vertical whip antenna on a ground
plane mounted on the roof of the laboratory buitding (atout 10 m above
the ground). The audio cutput is matched into a frequency-shift-key
modem by means of an impedance-matching transformer and a resistive
attenuatora. The output of the modem {§is connected to one of the
RS=232C inputs of the central computers

Afthough only one site is connected in this waye the system has
been designed to support up to ten sitese The receiving hardware is
shared by al! of the sitess Each site is assigned a unique site
identifier (stored {in its EPROM) and a unique transmission time.
These times will be two minutes after any even tenth of an hour (i.e.
at 2¢8¢1%9 eeee 56 minutes after the hourde The central computer
beqins listening for a transmission at one minute after every even
tenth of an hour (leee at 1e7413¢ eese 55 minutes after the hour).
If a transmission is not expecteds the task exits immediatelye. 1f a
transmission is expected (see the software section below)s but none is
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received by twenty seconds before the next even tenths the computer
stops listening and renorts a time-outs (For exampley (if a

transmission is expected ax two minutes after the hours the computer
will listen from 1200 to 5:40).

In this way up to ten sites can share the same frequency and the
same receiving hardware. The stations are identified by their

transmission times and by their unique station identifiers transmitted
in the preamble and postambie.

These times were chosen so that the transmission would occur
while the entire system would be idling between data acquisition
cycla2sy and so that the entire transmission cycle could be compteted
before ¢the next acquisition cycle by either the micro-computer in the
field or by the central machinee This scheme also allows the various
clocks to drift by up to one minute without toss of data.

Although this time-shared scheme has been implemented using VHF
tinkse the identical scheme could be imptemented using automatic
dialers driven by thae fieta .cro-computers« The protocol would be
identical except that the micro-computer would dial the centrai site
using a commercial direct dial telephonee After the connection was
establ isheds the protocol could proceed as in the VHF sSystemeo

We anticipate using the teliphone version of this protocol to
transmit the data from our new sites in Wyoming and Utahe.

SOF TWARE FUNDAMENTALS

The acquisition and analysis software is written alimost totally
in standard FORTRAN, Al though much of the software 1{is machine
indepencenty the command interpreter and the file system interface,
although written mostly in FORTRANy are dependent on the specific

characteristics of the hardware and operating system we have (PDP
11734 running RSX11w),

The software consists of a series of Iindepedent programs which
can be run in any ordere All of the programs read and write data in a
standard furmate termed SDF formate The entire analysis package is
therefore characterized only by the standard format chosen for the
data filese Any task of any complexity can be added:? the only
regquiretnent on the author is that he conform to the standard file
structure for files that are intended to be processed by other
componants of the packaje linternal scratch fites ares of coursey
axempt from thics requirement)e This scheme allows every task to have
access to cowmonly used utiltities (esge plot the resultse list the
resuttsy compute the spectrum of the resulitss etce) but yet does not

require the author of every task to write tor even to understand) the
other components of the systame

The jite structure used for SOF format differs in two important
raspects from previous time-series analysis packages (2e.ge BOMM):

1« The files are always read and written in physical disk blocks
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(512 characters). FORTRAN and the opersating system provide direct
random access to any file at this ltevels and this is the fastest way
of performing disk input/outpute BOMM (and many other packages) read
and write data using FORTRAN binary jinput/su'tpute This access mode
requires that the data be read and written scruentiallyes and changing
any value in the middie of a file requires *“he entire fite from that
point to the end to be re-written.

2e¢ The first physical block of every file is a header block
containing information about the rest of the filee 'f the file is a
time seriess the start times time intervut and number of values are
stored heres if the file is a spectrume ¢tha start frequencys
frequency increment and number of values are stofed heres etce BOMM
(and many other packages) stoie this information in separate files or
do not store it at ally relying on the memory and/or on the notebooks
of the investigator to keep track of what is whate It was our
intention to eliminate the need for human-kept notebooks as much as
possiblee {Note that the "station-tape™ format used at IGPP to store
the data from the IDA network is based on the same general idea. Dbut
that much of this sort of information Is stripped from the data files
when the data is read from tape to disk.)

A very important parameter stored in the head2r block is the
format vatue. This parameter is a small integer that defines the
structure of the rest of the fitee For example a format 0 file is @
raw data file. It is the sort of file used by the data acquisition
task to record the raw datae FEvery block of the file after tha first
is composed of 256 16-bit integerss There is one such file for every
port active on the systemes the file containing the data from port
being named TT<j>DTALSDF. These files contain ali of the data from
that port In a merged sequence (iesee if five channels arre active on
port 1, file TTIDTALSOF contains five values for each sample-time
stored sequentialtly by channel number and then by timele.

AsS a second examplee if the format parameter i(s equal to 2¢ the
file is a single component time seriese FEvery block of the file after
the first is composad of 128 212-bit floating point numberse

Every task checks to make sure that the requested operation makes
sense on the requested flile. 1t makes no sense to compute the
spectrum of a format O files for examples or to store raw data in a
format 2 filee If two format 2 files are joined end to endes 3
diagnosticz is provided if the start time of the second file does not
fotlow logically on the end time of ¢the firsty or if the time
intervats of the two time series are not the samee

In addition to modifiers that are specific to a given operations
all tasks witl accept the file modifiers /st:j and /sptk implying that
the requested operation is onily to be performed on data values between
index Jj and index Kk Inclusive. Thus any operatiorn can be easily
confined to any desired subset of the files The <onstants j and k may
be any values consistent with the 1length of the file. [If the
requested subset begins or ends in the middle of a disk blocke the
required packing and unpacking |s done internally and is totally
transparent to the user. This is a great simplification over the AOMM
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system in which a subset of a file had to te axplicitiy extracted andg
stored in a second file before it could be used.

There are twa limitations inherent in the SDF format files. The
most serious limitation arises from the fact that infengers are storec
as 1% "1t quantitiess anda the maximum value for an integer is
therefore 32767, Since subscripts are integer guantitiess it is
difficult to deal with time series fonger that 32767 terms tong. This
limitation is not a8s academic as it soundse. At ten samples per hours
A time series can be no longer than 3276 hours longy and we already
have saveral time series longer than thise

There is no easy solution to this probleme since it is
fundamental to the hardware configuration we have. A partial solution
to the problem has been impiemented by defining the concept of a
'chain® files leae 8 time series which is logically continuous ~ut
which spans several physicatl filese Many of the SDF tasks do nu.
process the ‘*chain® automaticatiys howevers s$0 that the solution is
rather awkwarde

A seconue less seriouse limitation arises from the fact that the
S04 system uses the RSX11IM wmessage handler to parse command tines
typed by the operatofs This relieves the tasks of the need to write a
commang parsers but does not allow floating point values to be passed
in commands. The command parser converts numerical parameters to 16
hit quantitiess so that here too parameters must be integers in the
range -32768 to + 32T67. A solution for this problem has been found.
but it has not yet been implemented.

DATA ACQUISITION SOFTWARE

The data acquisition tasks run as standarad tasks within the
operating systeme They are fully compatiule with the SDOF format. The
tasks are schedulied by tne RSX11M executive to run every six minutese.

The hard-wired sites are controifed by a task named DATLOG and
the VHF-) inked sites are controlled by a task named VHFLOG.

The task DATLOC is iniviated by the executive every six minutes
starting from the first even tenth of an hour following the system
deadstart: VHFLOG s initiated one minute tater and also runs every
Six minutess Both tasks reference a system-wide common btock named
SOFCTR to find which ports are activc at any timee {A system-wide
comman block 1s a dedicated area of physicalt memory defined when the
systen 15 gener~tede A task with the requisite permission may access
this biock by name by including a statement of the form

CAMMON/SDFCOM/Z varjadte list
at the beginning of a program,)
This common black is 64 words ionga The first two words are the

number oQFf seconds since midnight when the task VHFLOG was last active
in standard floating point formaty and the next (w0 words are the
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correcscunding parameter for the task DATLOG. Thece words permit the
respective tasks to detect a2 crash within the executives since at
every initiation the difference between the currant time tin seconds
after midnight) and the stored time should be 360 (necglecting the
wrap=around at midnight which must be handled speciatliy).

After these four words of time. there are seven words for each of
the possibie seven hard-wired sites and ten words for each of the
possible VHF linked sites,s (The extra words in the common block are
reservaed for expansion.)

If a given site is sectives the corresponding word is made
non-zeros elither by diract entry from the front parel or by a smal'
utitlity programe Furthermores if a given site has tess than sixteen
active channels lall current sites fall into this category’es there is
one bit set in the word for each active instrument at the sitee The
least significant bit corresgonds to channel one at the sitee and the
most significant bit corresponds to channe! sixteen. For example if
the first four channels are active at a given sites the corresponding
common block word will be set to 17 octale. Each task scans its
respective words until a non-zero entry is found.

In the case of the task DATLOG (for the hard-wired sites) avery
non-zero wofd represents a port which must be sampled every six
minutese If word J is non-zero» for axamples the task must scan port
Je It opens file TTC jDDTALSOF and reads the header blocke The hearder
block of a format 0 file contains the number of active channels and
the complete address of overy active channe! (i.e« the multiplexor
code and the datalogger channel number)e This information allows the
task to activate the remote dataloggers and to record the data. The
header Licck also contains the time corresponding to the first scan in
the f(ile and tYe number of scans currently in the file.s This
irformation is used (n decide |f the current scan follows logically
afler the {ast recorded scane If it doess the data is added to the
files the heador block is wupdated appropriastelys and the task
continues by searching for the next non-zero word in the common area.
Wwhen altl active channels have been serviceds the task exitse.

1f a hardware erfror occurs (e.q. a particular channe |
consistentiy reports a value cotaining a non-octal cigit or does not
respond at allie 2 value of >cr. is stored for that channele and a
message is enterad In a special fite (see be.ow)e If alt! of the
channels on a 9i%v ... hardurre port 00 not responde = hardware failure
in the molems or in the teltephone line is probably indicatedes The
task places :n appropriate message in the special file and goes on to
the next active port without updating the header file las if the task
simply had not been activel.

If the current scan dces not foliow flogically after the last
recorded scen (because of a system crash or a previous hardware
error)e the task pads the file with the requisite number of missing
values by reperting the Jlast value as many times as is necessary to
make the current value loqgically folfow the new last valuee.

The ta~k repcrts all! errors to a special file catled DTALOG.OAY.
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These entries give the date ana time of the erroce the number of
repetitions attempteds etce It IS an ASCII text file and can be
examined with the editor or tisted on a terminale.

The task VHFLOG is somewhat differente. It too examines |{ts
common area to find a non-zero worde Howevar, if word j IS non-zaro.
it is taken fto mean that a transmission is expected in time siot
{ieCa if word one is non—2eros a transmission is expected at two
minutes aftar the hour)e If the word corresponding to the current
time is zeros the task simply exitse

If the word corresponding to the current time IS non-zeroe the
task gyoes into a wait state waiting for input frcm port 30 (the port
connected to the VHF receiver)le If no transmission is received in the
time-~out periode the task issues a message to a speciel file (named
VHFL3G«DAY) and exitse.

If a transmission is receiveds the task opens file VHF3I0<j>«SOF
and cumoares the station identifer in the preambie with the code
stored in the header block of the filee If the two disagrees an error
is flaggeq in the message file and the task exitse If the two agree.
the task compargs the current time with the time reported in the
preamblies and issues a message if the micro~computer clock is in error
by more than one minute. It then receivess unpacks and checks tha
data (see Dbelow) unti) the postambte is receiveds At this point the
task computes the first *new' scan received (much of the date has
usuatly been received already) and begins adding the data to the end
of the files If tha first scan received does not follow 1logically
after the last scan recordeds some data has Gteen lost due to a
faifures The task bridges this gap by repeating the first scan
received as many times as is necassary to make the data file logically
contiguous. (Note that DATLOG bridges 2 gap by repeating the last old
scan while VHFLOG bridges a gap Ly repeating the first new scan. This
is tone only ‘or programming simplicity in each case.) After storing
the new datas the task updates the header file appropriatetiy and
exitse

The data Liansmittea over the VHF link is encoded to permit the
dJetection and correction of t{ransmission errorse The encoding scheme
was developed within the following constraints:

1« Although the computers all transmit and receive 8-bit ASCII
codess in Fact it s awkward to transmit the 8-th bit to a user
prouyram in RSX11Me and to do so introduces other awkwardnessese. The
coding schame wust therefore use onty 7-bit ASCIY with the 8-th bit
ignared fatways set to zero is the RSX1IM conventionl.

2. The uperating system uses some of the ASCII control! codes for
3 simple lina editor (eege entering controt-U erases the current
lines 2tcs.e This use of control characters can also be by-passeds
but to ¢u s0 again introduces awkwardnessess Thus a coding scheme
should not use control! characterse but shoutd Jimit itself as much as
20s5sib'e to printing graphicse

3« The data as transmitted from the hardware at the tiéltmeters
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are fundamentally octal digitsy and it is simplest to preserve this
fact in the transmission.e The encoding sthewe should therefore map
the eight octal ninits ‘ntu ASCII characters in such a way that the
resul tant characters are as ‘orthogonal® acs possiblesr rat {(se Lhat

the eight characters differ by as many tits as poss:9le so that an
errofr is unlikely to turn one tegal character into ar.other one.

4a It is desirable to be able to incorporate an indication of a
hardware failure into the transmission formet, The micro-computenr
uses a data value of 2000 to signify a hardware fallures, and it would
be desivable to be able to continue this convention in the
treansmission scheme so that the central site could be made aware of
herdware problomse [t iS also desirable to have more than eight codes
available for channel identifierse ¢ 'nce in genera! wmore than elght
channe s may be active at a glven site.

The codes meeting these requirements are iisted in table 1. In
addition to all of the conditions listed above. these codes 3{sSo have
the property that (at teast for the octal Adats codes) the 1{ow three
bits of the code are exactly the value being transmittede (This s
not true for the extended address codesy al?! of which are ASCIl])
control codes. These codes are chosen because they have no speciasl
significance to the operating system and are passed to a user task
even though t%“ey violate criterion two above. These exterded codes
are only vatli, in the channe! address fields)

The micro-computer encodes each data value to be transmitted into
a seven character string in the following format:

XXXRY2Z2

where x {s the transtation of the appropriate octal digit in the date
values ¥ is the channel number {using the extended values for channels
after number seven)s and 2 iS5 the checksum obtained by summing the
fowest three bits of the first five characters and adding this result
to octal 40s The resul ting checksum is always a printing character
having an octal value ranging from 40 to 103, Note that the checksum
i{s sent twice for re-synchronizaiton if a character is 1oste

The task VHFLOG reverses the processe 1t decodes the first four
characters using the following scheme:?

1l.1f the value of x is exactly given by a value in table 1,
report that vatue for that digéite set the error flag to 2ero and
proceed with the next diqgite.

2 I1f the value of x is not given in tabte 1y but a value in
table 1 differs from x by one bite use that vatue for the digite set a
one bit error and returne Table 1 is constructed so that one bHit
errors are uniquely correctablea

3« If the value of x dJdiffers by more than one bit from any value
in table 1v find the valus in table 1 with the smallest number of bits
differente This correction is naot unigue Iin generala Report this
value for the digite s2t the multiple bit error flag and proceede.

b, 1
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when the four x digits have been processeds decode the channel

identi fier using the same algorithn and asllowing the extended codes as
uall.

Then compute the checksum and compare v with the transmitted
vatuees If all is wells pruceeds If a chechsum ercor IS indicateds QO
back and find the character with a muitiple bit error and correct it
using the indicated checksum if to do s0 would not asise the level of
the multiple bit errore 1f this process does nct yield a consistent
values flag a fatal error and exite hoping for better luck next timse

If a checksum error is detected and the two checksum characters
are differents it is possible that a character has been loste In thi=x
case the program searches the characters in the buffer in the forwarc
directions flooking for a valid scan pattern (i.e. a string of
characters in the format outtined abovelde. If such a pattern is founrd.
the program re-synchronizes the decodirig process with the valic
patterne If this process projected beckwards to the current position
implies an incorr.ct number of characterse the error is corrected by

inserting the fewes® number of chsracters at the current position to
restare the synchronizaticne

This decoding process continues unti! the postamble is reached.
1f at that point the decoding procass Is in the middle of a scane then
an unknown number of data velues have either been Icst in transmitssion
or added in the patching process.s The program attempts to decide
which of these two possibilities has occurred by examining that
portion uf th2 transmission that overlaps with data already received.,
but this process may not be successfuis {f no aobviocus correction can
be found the program exits and waits for the next transmission.

This decoding algorithm is based on three assumptionse atll of
which -are borne out by our experienca:

e The overwhelming majority of transmission errors are single
bit errorsey and these are always uniquely correctable by the cocde.

2« When an incourrect number of characters is founde it has
almost aiways been the vresult of a {ost character rather than an
extraneously ailed onee If the start bit of a character is misseds
that character will ©pe appended to the one following ite with the
result that Lhe number of characters recaived will be too smatl.
Since the <(ransmission proceeds at the full theorstical bandwidth of
the 300 bauad channels it is essentially Iimpossible to receive
saditional charactars (except possibly in the unimportant times when

the carrier i1s switchad on and off before the preamble or after the
postamhiel.

1« Alwost all transmissions are essentially error freee with at
worst & small number ot single bit errorse Serious multiple bit
errofs are usually encountared under adverse conditions (esge in the
middie of a lightning storm)y and the optimum strategy seems to be to

exit if no obvious correction exists and wait for the next
transmissione

s
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PRELIMINARY HATA REDUCTION

Most of the experinental prablems in installing and oper - ting the
tittweters were sojved ny September of 1980, and we have confined our
ana jyscs wvo the Lavd cuouiy ad atter Neotober, 1980.

The first step in the data recuction is to remove the obvious
errors produced by instrumenial failurese The amount of data lost due
to atl hardware causes was quite smalie 811 was confined to
approximately eight relatively short intervals which occurred on the
average of about once per monthe (This total does not include a
larger number of faitures lasting onfy & few hourse.s These short
gutages were patched by interpolation.) Since the Jonger outages were
relatively rgsre aventss we decided to simply omit those periods from
the analysis and not to try to fill in the gapse.

The data were lowpass filtered and then decisted to one sample
per houre The filters we used were symmetrical lead-lag fitters and
were constructed by applying a suitable windowing function to the
idealized Ilow-pass filter response function (je.0e Sin x/x)e The
winidowing function we used is the "Blackman® window (Opoenheim anad
Schafers 1975)s This window is basically a modified cosine taper. It
has the desirable property of having the Jreatest stop-band
attenuvation of any of the commonly cdiscussed windows. This stop-band
attenuation iss of course« bought at the price of a wider transition
zone between the pass-band and the stop-bande This wide transition
zone is not too serious iIin our case since tha tidal data is far below
the N:rguist frequencys S0 that we can afford a wide transition zone
and stil!l! not have an appreciable problem with aliasing.

The filters were constructed so as to have vnity gain from dece
to approximately O.4 cycies/Z/hour. and to fal! to a transmission or
approximately -80 db at 0.8 cycles/hour. These filters have a
hal f~width of eleven tarmse

Filters of this type are well suited to tidal analysis since they
introduce no phase dispersion into the filtered datae They produce a
time delay of an integral number of samp!e points (the delay is equal
to the half-width of the filter fynction at the start and end of the
time series)s when this delay is accounted for by altering the start
time and the end time appropriatelys the resulting time series has a
phase shift that is identically zero at all frequencies. The
amplitude response in the pass-band is smooth so that calculated power
spectra usually need not be corrected for the filter transmission
functione These filters have the disadvantage that their stop-band
attenuation is not very great and is not monotonice This {s not a
serious problem provided that the power in the stop-band has no sharp
featurease

The decimation to one sample/hour reduced the number of data
points by an order of magnitudes and made the subsequent task much
easiare Since wa are only interested in low fregquencies, no
information was lost by this processe.

The next step in the process is to examine the power spectra of
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the data. The spectrum of the data from one of 6¢E’h9riz6ntalz
pendulums running at the N8S site is shown in figs 4. ‘Several opoints
are immediately apparent: ‘ L : S

le The power near 3.3 cycles/day is a direct measure of the
non-linearity of the systemes The fargest single peak in the spectrum
occurs at 1le93 cycles/day (the M2 tide)s any non-linearfty in the
system must therefore generate a peak at 3.8¢6 cycles/day. (A
] non-tinearity whose dominant effect is to produce the third harmonic
' of the input power will also produce a signal here as a result of
2 tripling the diurnal tidese) Since this is a retatively quiet part of
! - the spectrume this is a sensitive test for a non-linear response
3 function. We conclude that any such non-finear response is too small
to be measurede. The spectrum may be used to set a lower bound on:the
' non-linearityes [If the response of an instrument is R when the applied
3 tilt is Ty then

R=k{T + gT%%2 + cT*%3)

where kK is the gain of the tiltmeter and g and ¢ are less than 0.,005.

2 T

p 2+ The power between the diurnal and semi-diurnal peaks (ie€e
near 1l.5 cycles/day) is a reasonable estimate of the ultimate
precision attainatle Iin any tidal analysise The power at these
frequencies is a wmeasure of the broadbands jow-frequency noise at a
1 sites assuming that the instrument is not sensitive to the larger
diurnal and semi-diurnal thermal disturdancess the power Iin this band
is a good measure of the random noise that will limit the accur.cy of
a tidal admittance estimatee It {is unlikely that power in this
frequency band can be removed by fitting the tilt data with any simple
function of the usual focally measured variabltes (e.ge local
temperatures etcedle since the wavenumber spectrum is unknown in
general. Using the observed spectrume we find that the
signai-to-noise ratio measured in this way is about 37 dbe so that we
should be able to detarmine the tidal amplitudes with an uncertainty
Jue to random low-frequency noise of about 1%« The actual variance is
targer than this (see below)s so that we have not totally eliminated
other diurnal and semi-diurnal effects (the most important of which is
probably temperature)e.

e ——
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TIDAL ANALYSIS

Iri order to compute the tidal) admittances we must compare the
observed tilt tide with theofye

Cur previous experience (Leviney 197641978) suggests that the
ocean Jjoad may be quite different for the semi~-diurnal and diurnal
componentses so that the fitting program must allow for at least four
degrees of freedom (two amplitudes and two phases)e We will not be
able to get a good ectimate of the long period admittances howevere.
Qur-data set is not long encugh to begin with (only about eight months
of data at most)y and we must break the data sat into several shorter
pieces s0 as to get several estimates of the admittance in each
frequency band.
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In order to estimate the admittances we have used an exoansloh of .

the potential in spherical harmonics (Munk and Cartwrighte 1966)« In
this methods the potential at some timey ty is given. by: .

Wit)= C )y )

where W(t) is the tidal potential, C (t) is a time depandent.function =

that must be calculated from the astronomy and Y. ( ) is the
normal ized spherical harmonic of the station co-~!atitudes v and East

longi tude. . The sum is taken over all physically reasonabe values

of n and m« The dominant contribution to the earth tide signal comes
from the first non-vanishing term in the expansions which has n=2.

. For n=2s the allowed values of m are Oy ly and 23 the first is

long-period terme the second term is nominally diurnal and the third
term is nominally semi-ciurnale The next order terme with n=3e¢ s
about one percent of the n=2 term at our latitude and may b2 ianored
when estimating the diurnal and semi-diurna) admittances. (It i35+ of
courses the dominant source of the three cycle per day tides)

This wmethod has many of the advantages of the Fourier
decomposition " methodses eeQe an expansion of the theoretical tides
using the Cartwright-Tayler~Edden (1971+1973) potentialsy without many
of the disadvantagesSe This method allows the admittance to be
different for the tong-periods diurnal and sami-diurnal components.
This is physically reasonable since both the ocean foan and the
correction for {ocal topography are likely to be different among these
widely disparate frequencies (lLevine and Harrisons 1976: Levine,
1978)e At the same time it does not allow different admittances for
the components within one of these broad bands (the method can be used
to allow structure within a band by incorporating leads and lags in
the fitting processsy but we have not used {eads and 1ags with any
great success in our previous work)s This is a physically reasonable
first hypothesis since appreciable structure within a band must be
caused by a high-Q0 resonant structures and such structures are
unlikelyas It is true that the same level of resolution could be
achieved in the Fourier decomposition methods by summing the various
diurnal components into one time seriese. Howevers the full
Cartwright-Tayler-fdden (ope cite) potential contains several hundred
termse and computing them all is quite a jobs We feel that the
full-blown Fourier decomposition is only justified if one has physical
reason to believe that the tidal admittance is In fact modified by a
high-Q resonance (eege in our previous efforts to estimate the
modification of the diurnatl admittance due to the well known core
resonance as discussed in Levines 19781},

At the same time, the method is far better than simply fitting
the data with 3 theoretically generated tilt seriess Such a fit has
only one degree of freedom (je.e. an overall admittancels and this is
both physically unreasonable and numerically dangerous. If the tidal
data contains any drifte such a scheme will treat the drift as a
long-pericd term uniess the data set is very 1ong indeeds and the
resultant long-period admittance will appear to be much too {argee.
Since this type of fit has only one deqree of freedoms the resultant
admittance is simply incorrecte.
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The actual calculation of the tidal admittance using this method
proceeds in two parts:

l« The potential is calculated for each time at which a ¢tiit
tide value has been measured. The potentiali consists cof five terms
for each such times« The five terms correspond to the amplitude of the
n=2ym=0 terms the real and imaginary parts of the n=2sm=1 term and the
real and imaginary parts of the n=2.m=32 terme. €ach term is muttipilied
by its respective normalized spherical harmonice and the resultant
five component series is stored as a single SOF format fite in which
the header block specifies that the file is a set of five merged time

sarias f(except for the fact that the data are 32-bit real gquantities

rather than 16-bit. integerse the format is the same as format 0
described abovele

2. Once the potential file has been generatedes a second trsk
computes the least-squares coefficients between each time seric.
component and the tilt datas« Note that one potential file can be useo
to fit all of the data sets from a single sitee The least Ssquares
parameters obtained in tnis way are in fact a function only of the
azimuth of the tilitmeter and the effective Love numbers at the site,
so that these numbers can be converted to absolute admittances. As a
check on this procedures the entire process is rvepeated with a
theoretical time seriese.

This analysis has been done using several different lengths of
data tc investigate the stability of the adméttance and its possible
time dependence. It is unwise to use very long time series in the
analysiss since only a few such calculations can be performed and only
a poor estimate will be obtained for the fluctuations in the
admittances fn the other hand if very short time series are useds the
various components may not be well separated. We have chosen to use
series 28 days longe 8y going so we exploit the naturat junar-montn
periodicity of the tidal siynals and w2 Can make eight estimates of
the admittance using our datae

The most stable admittance should be that for the M2 component,
since ite freguency ts far removed from tne usual perturbations due to
thermal effects. In table 2 ue show the results of our estimates of
this admittancee {(In fact what is listed is not the M2 admittance,
but the n=2«m=2 admittances wirich contains all of the semi-diurnal
componenitse However the M2 component is by far the targest
contribuvor to the nz=2em=2?2 time seriese and it is not unreasonable to
refer to this term as the M2 admittance.) The data we have used were
acquired using one of our horizontal pendutums in a hole 33 m deep At
our NBS sitea The azimuth of this pendulum is 232 degrees measured
clockwiza fror Worthe The NBS site (s Jocated at 39.992 Nev 105.269
e

As c¢an be seen from the tables the tidal admittance is
surprisingiy c¢lose to unity (a time series that corresponded exactly
to theor~%jcal expectations would have an admittance of wunity and a
phase shift of 1zero), Note that this calculation contains no
adjustable constantse. These admittance calcutations make no
correction for ocean toadse local topography or cavity effectss andg
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inclusion of these effects may change our absolute admittances by a
few percentes Neverthetess the agreement is encouraginge

P In tha present context the stability of the admittance is at

L feast as important as its absolute values, since tha stability is a
direct check on the stability of the instrumental cailibration.
Although our preliminary analysis ted us to expect random fluctuations
in the admittance on the order of 1%y the observed fluctuations are
approximately six times larger. This implies that the noise spectrum
is not whitee and that there is some residual sensitivity to
extraneous effects (presumably temperature). The amplitude of the
extraneous signal necessary to account for the observed fluctuation in
‘the admittance 'is on the order of five nano-radianss and in view of
the large surface-temperature cycle (20 C difference between day and
night is not unusual) it is not unreasonable to assume that this is iIn
fact a real tilt of the hille (The instruments are !ocated on the
side of a rather steep hille The slope of the hill is towards the
South-Easte s0 that the instrument-side of the hill is exposed to the
sun during most of the daye) Qur long-period anajiysis (see belowl).
however suggests that these thermal effects are instrumental rather

than reals and our main effort at the moment is finding out which part
of the system is responsible.
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J ' le There is no secular change either in the calibration of the
{

Neverthelesses our tidal analysis teads to the fotiowing
concliusions?

tiltmeter or in the elastic properties of the instaliations Afthough
the admittance is noisier than one would calculate on the basis of the
white noise model, the admit<ance shows no secular trend.

Z2e The instrument and the site show no observable non-~linear

behavioure« The strongest piece of evidence for this is the absence of 3
any excess power at 3.86 cycles/daye. {3

3. The agreement between theory and e2xneriment is surprisingly

: q00de Although the site ¢s poor in many wayse the observed
¢ admittances do not differ from what one wouid expect on the basis of
e classical tidal theory.

ANALYSIS OF LONG PERIOD EFFECTS
The second area of our analysis involves a study of the secular
: , tilt recordss We have no theoretical prediction of what these data
2 should look like so that our analysis has been c¢cnfined to the
following three areas:
1« Are there any unreasonably large "tilt episodes?”
4 2. What is the effect of local temperature and rainfali?
3. What is the coherence among closely spaced tiltmeters?

In order to investigate these dquestions we have used the dats
from two instruments focated at the NBS site in Boufiders The two
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instruments are a pair of vertical pendulums located in a hole 16
meters dJdeepe and a pair of horizontal pendulums focated in a hole 32
meters deepes The two holes are spaced a few meters aparte

The holes are Jocated on the side cf a hit]l at the Eastern adge
of Green Mountaine We would expect data from such a site to be
modified by the topographic anomaly and the crustal {inhomogensitys and
it is. nct unreasonable to expect secular tiltss Our previous wori
usirg a laser strainmeter in the Poorman mine nearby showed secufar
strains on the order of one micro-strain per year (ise. a secufar
increase in the length of the strainmeter baseline by about ome part
per million per year)y and annual tilts at the micro-radian level are

therefore not unreasonable. Tilt "episodes™ showing a time derivei’ .a

much higher than that implied by the overall annual rate or tilts mu.l
larger than a few micro-radians are suspecte.

In fige 5 we show the data from the four tilt sensorse There ..®°
no tilt episodes in any of the records (compare fige 4y Wyatt an
Rergere 1980)e This negative result is encouraginge It re-confirms
the hypothesis that carefully designed instrumentses be they
strainmeters orf tiltmeters yield records that are totally consistent
Aith simple elastic models of a sitea

Wwe attribute our smoother records to our better installatione.
Qur instruments are deeperv. and they are almost certainiy more rigidly

attached to the surrounding materjal than those at other sites
({compare fige 3+ Wyatt and Berger., 1980).

It is atmost certainly trues howevere that the tilt records we
have obtained are contaminated by other effectse 7To show this we have
ptotted the cumulative rainfall at the bottom of the figure. It is
clear that both of the vertical perdulums are sensitive to rainfall.
while the horizontal pendulums show no such sensitivitye We attribute
this to the fact that the vertical pendulums are only 16 meters below

the surface. This effect is shown more clearly in the subset of the
dJata plotted in fige 6.

It is not clear if the overall drift is reates The two vertical
pengulums show highly correiated long term drifts: the same is true
for the horizcntal pendulumse 1f these sigrials reprasent real tiltsy
they imply that beth tiltmeters are tilting along axes aimost exactly
midway betwzen the two sensors: while this cannot be rufed out it
seems somewhat implausibles We fee! that it is more likely that the
two sensors in each capsule are responding to some external event.
(The 2vent cannot be influencing the digitizing systemes 1ts response
has not changed to within one least counte)

It is nat clear what this effect is. In fige 7 we show u section
of the same data sets plotted along with the tocat temperatures The
situatyion here is quite confusinge Channel number one of each
instrument is sensitive to tempserature and channel two is note It is
unlikely that these signals represent reatl tittsy since channal one of
the vertical opendulum is5 installed with {ts sensitive axis along an
azimuth of 218 degrees (measured clockwise from North) while channel
one of the horizontal pendulum has its sensitive axis along an azimuth
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of 142 degrees. These two azimuths are almost orthogonale In each
cases both of the channels are nominally identical in atl respects.
Ws have nc modetl for this effect at this time?s an examination of the
temparature sansitivity of the system is our highest priority task at
the moment.

- We may summarize our long period resuits as foltiows:

le An instrument placed in a hole 16 meters deep is definitely
sensitive to rainfati. There is no question that instrumarts must be
deeper than this. Our evidence to date suggests that 33 meters s
deep enoughe

2« Even in an instrument 33 meters deeps there is a residual
temperature dependence on one channel! that remains unexplainedes Note
that the secondes nominally identicales channel shows no such effect.
It is possible that this signal is Jenerated by a true
thermally-induced tilte, but we regard this possibility as unlikelye
It would require that the instruments had one sensitive axis exactly
aligned atong the direction of the trermal tilts and that the thermal
titt was in a different direction at the two depths. We reqard it as
more likely that some as yet undiscovered asymmetry in the instrument
is responsible. a

CONCLUSIONS

We have constructed a borehole tiltmeter that can operate for
long periods of time at tidal sensitivitye and can yield tidal
admittances In good agreement with theory. We have also developed
ancilttary recording and processing hardware to acquire the data from
several such instruments instaliled at widely separated sitese.

1f the tiltmeters ares instatled at Jleast 133 meters below the
surfacey the instruments do not show any effect due to local rainfall,
but some residual temperature dependence is present in some cases. We
attribute this sensjtivity to some as yet undiscovered asymmetry in
the systems We are currently acquiring data: at the Frie site that we
hope will answer these questionse.

None of our instruments has shown a tilt *episode’ in

approximately eight months of operatione All of our data to date is
fully consistent with simple elastic models of the earth.

FUTURE EXPERIMENTS

Two of the major challenges in experimental tilt measurements are

demonstrating 1long-term coherence betweon closely spaced tiltmeters

and subsequently measuring fJong term crustal deformation. ands
secondiy. measuring tidal tiit with a sufficiently high
signat-to-noise ratio and with relatively small or modelable cavity
and topographic Iinfluences so that inversion for crustal material
properties can be accomplishede The unique and fairly wet! understood
geologic features of Yellowstone National Park make it an ideal
focation to study both the influence of geologic contrasts on ¢tilt
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tides and to weasure long term tilt associated with tectonic crustal
deformatione.

Yellowstone National Park has recently been the site of a large
number and variety of geophysical and geological investigations which
are summarized in Eatone et ale (197%) and Smith and Christiansen
(1980). The results of these investigations suggest the presence of a
largaees hote and probably partiatiy moltens body in the lower crust and
upper mantle below the center of the parke.

Smith and Christiansen (1980) have obtaijned a detai led
three-dimensional density/sliowness model! to a depth of 100 km using
results of the simultaneous inversion of complete 3ouguer gravijty data
and teleseismic p-wave datae This mode! shows a widening with depth
of the anomalous low-density and low-velocity bodye. The margins of
the wupper portion of the body are located betow the boundary of the
caldera. The shape of the anomalous body and the contrast in seismic
velocities suggest simitarities with the elastic dijlatancy inclusion
model of Beaumont and Berger (1974} which predicts up to 40% changes
in tilt and strain amptitudes with a 102 reduction in Vp. Beaumont
and 3erqger (1974) parametervized the numerical results in order to
relate changes in elastic propertiese and the associated Vp and Vs
changess to surface displacementsy tiltse and strains calculated by
the finite element modelse From this they show that the tiit anomaly
is a function of Poisson's ratio while the strain 3and displacement
anomal ies are functions of the areal bulk modutuse.

Harrison and Flach (1976) have examined the connection between
partial meiting and variations in elastic parameters and p-wave
velocity which might be expected for the Yellowstone anomalous bodye.
Eige 8 is a bulk modulus (K} - shear modulus (U) plot which shows the
locus of ooints which correspond to a 10¥ reduction in Vpa. Also
piotted are trajectories which were computed assuming that the Vp
reduction is due to partizl melting using the Walsh (1969) theory for
etlipsoidal melt inclusionse The important parameters effecting K and
U are the aspect ratios (thickness/diameter ratios) of the melt
inctusionse and the proportion of melted material. These parzmeters
can be duduced by fixing the position of the Yellowstone body on the
k-4J pltot using the Poisson’s ratio obtained from the tilt anomaly
inversion and some other clastic property (such as determined by Vpl.

Finite element models were used by Harrison and Flach {(1976) to
comaut: the influence on the M2 tides for three cases corfresponding to
1 10% reduction in Vpe (Y1) A body extending to 100 km with materijal
properties corresponding to very flat inclusions: (11) the same body
with round inctusions ande (111) a body with the same material
prapertigs  as (1) but extending to 200 km depthe The results for
anonalous upiift tang fractional change in the gravity tide) and for
tilt d{and fractional change in the tilt tide) are shown in fige 9.
The affaect on the gravity tide is small in all casese The tilt
anomaly s up to 40% for models (1} and (I1l)s but s considerabtly
smalier ifor model (II1Vy for which there is (fittie contrast in
Poisson's ratio. The anomaly for model (I11) is significantly more
wigdespread than that for mode!l (1de reflecting the greater extent in
depth of the model (1} podye.
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Beaumont (1978) has further explored potential sources of spatial
and temporal variations in tidal amplitude by considering the effects
of stress hysteresis in dilateant zones. He suggests that a dilatant
region can be moceled as a plastic-elastic crustal) inclusione. He
shows that near the inclusion the tidal admittance will depend on the
relative tidal and tectonic stress rates and in addition will be
anisotropice He also predicts a nontinear admittance when the tidal
and tectonic stress rates are approximately equal. These effects will
be of particular interest in VYellowstone since the anomalous body
there is hot and possibly will behave as a plastic-elastic bodye In
additione there is 2 reasonrdly high tevel of seismicity in and around
the parke The largest ear thquake had a magnitude of 7.1 and occurred
in 1959 near Hebgen Jlakee Just to the West of the parks The
Yellowstone area s clearly subject to tectonic stressess whiche if
they varied in times would be reflected in time wvarying tidal ¢tilt
ampl i tudese.

An additional! effect which may be observed at Yellowstone is a
r jative phase shift between two tiltmeterse one of which is over the
body and the other of which is note due to the imperfectly elastic

tida! response near the anomalous body. Ischau (1976) calculated that

tilt tides are insensitive to a low=-Q asthenospheres but that foad
tide phase shifts of as high as several deqgrees may occur near ocean
ridges and subduction zones. This effect has never been unambigquously
separated from ocean load phase shifts due to the uncertainties in the
modeli..g of the ocean tidee The effect on body tides of a wvertical
low=-7 zone in the crust has not yet been calculated.

‘ith several months of recorde we can use our deep borehole
ti.* ters to measure earth tides with uncertainties of less than 1%,
The ffects of distant ocean load tilt can reach 207 in
mid=¢ tinental areas (Harrisony 1976} but can be ignored when
consiverjing relative amplitude and phase changes over 2 comparatively
small area such as VYellowstones« There are no significant problems
with cav ty effects with vertical borehole tiltmeters, and topographic
effecets can be reduced by careful site selection and calculated with
finite ='ement models to within a few percent. The large expected
amplituu: anomalies of up to 40 should therefore be clearty observed.
Time variations in tidal amplitude could be observed {if the gain
factors of the tiltmeters are stable,

In addition to tidal tilt studiese the Yellowstone National Park
area is a good location to abserve ftong term crustal tilting. Level
lines established in 1923 and releveled in 1975-77 reveal a northeast
trending elongated zone showing up to 700 mm vertical! uplift
(fige 10)e The area of uplifi is coincident with the catdera rim andg
the two resurgent domese. The uplift rates of 11 mm/year are
comparable to rates obtained in the voicanically active regions of
Hawali and Iceland (Smith and Christiansens 1980). Using the steepest
gradienty an average tilt rate of one microradian per vear is
obtained. Tha tilt rate is of course only the average over 50 years
and is obdtained from only two points in time. The deformatione if
volcanic in originey is likely to be episodice and tilt rates over a
short period of time could be much less or much greater, Leveling
surveys are expensive and time consuming and therefore are not made

PO TR

ol 2 Lkt

wil

et it bk bt bl e JE e it b bl




T R TR A e ke

guspens b |
:
i,
it

PAGE 234

Lot I bbbty £yt

Luskieniidd Ly S

3 very frequentliy. A microgravity benchmark network was established in
ol the park in 1977 and will be re-surveyed every few years (Smith ana
2 Christianseny 1980},

We propose iInstaliing tittmeters at five sites (fige 10) which
P straddle the zone of uplift and the margin of the essentially
T coincident anomalous bodye These sites are prelimiary and are

subject to National Park Service approvale The proposed tiélitmeter
: array offers a relatively inexpensives convenient way of measuring
f‘ crustal deformation at periods from hours to years. The coincident
1 titts leveling and microgravity arrays witll altow an evaluation of the

consistency between point tiit measurements and large aperture
\ jeodetic measurements for long-period deformationse A sixth tittmeter
! site is proposed near the W:stern entrance to the parke This site is
" in the vicinity of the 19537 Hebgen Lake earthquake. This magnitude
rI 7.1 normal earthauake causec larqge vertical disptacements (up to six
metars) along exonosed faults anq down warping of Hebgen Lake by up .
Six maters (Smith and Chrisciansene 1930)e The area is still very
1 active seismically and geodotite teilateration cata shows continuing

northeast-southwest extensions a pattern consistent with the sense of
dsformation of the 1959 eartihiquiake and focal plane solutions from o
racent carthquakes (Prescottly at ales 1979), i
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Table 1--VHF Encoding System j

VALUE ASCI1 GRAPHIC OCTAL VALUE NOTES 3

0 X 130 1 é

1 9 orn _

2 2 062 7

3 s 123 ; g

4 ) 054 ;%

s ] 11% 5"
6 F 106

é 7 ’ 047 é

é 8 A 100 2 é

9 - 001 3 ~§

10 - 002 3 fg

11 - 004 3 ?

12 - 005 3 %

13 - 007 3 E

14 - 010 3 §

15 - o1l 3 %

Note l. The value of zero is never used as an address. The first %

channel is always number le. 4

Note 2. This value is used for channei{ address eight and is also ?
used within a data stream to signify a hardware error (see text). When E
used to signify a hardware errorey it must be the first data digite 3

Note 3. This value is only legal! a2s a channel address. It will
not be recognized if the program expects a data digite 1
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4 Table 2-~M2 admittance :
:
K HORTZONTAL PENDULUN
: NBS Site tBoulders Colorado)
i
i 28-day estimates
| BLOCK NUMBER  TIME PERIOD AMPL ] TUDE PHASE(deg. )
 } Qcte 1980 1«06 =-0.49
b} 2 Nove 1980 0.92 ~7.60 j
i 3 Dec. 1980 1.01 ~3.90 5
s Jane 1981 0.9¢ ~4.50 :
5  Febs 1981 1.03 ~6440 i
t
6 Mare 1981 1.01 ~3.10 4
7 Apr. 1981 0492 ~7.50 i
% 8 May 198) 0499 ~4.50 i
, {
| Ava. 0.984 ~4.8 g
5y Stde Dev. 0406 2.5 '
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Fige le¢ A schematic diagram of the tiltmeter capsuia installed at

the bottom of a 33 meter deep borehole.
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Fige 2« Scale view of the tilt sensors mounted on the levelling
vplatform inside of the capsulee The electronics oackage is above the
Litt sensors inside the capsule and is not showne AlSO not shown is

the thermal insulatione
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Fige 4e Power spectra of the tiit data obtained using a
horizontal pendulum at the NBS site in a hole 33 meters deepe. The
curve marked "residual®™ is the spectrum of the residual time sertes
obtained by removing a1 least-squres fit of the tides to the datse
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shows cumuiative rainfatl taken from weather recordss The vertical
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instruments tp rainfalls The traces markad VPl and VP2 are data from
two vertical pendulums in a hole 16 meters deeps The trace marked HP 2
is Adata from a hor izontal pendulum in a hole 33 maters deap. Rainfaj
:‘ ' (s shown by the black bars near the center of the figure.
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Fige 8o X-U plot showing normal mantle material (Vp=8.,13 Kkm/Sy
densityzle4 gms/cc) at the large dot in the right hand cornere. The
locus 47 co-responds to a 10X decrease in Vpe Trajectories are marked
with the | hickness/diameter ratio of the melt inclusions determined
using wafsh's (1969 theory of partial melting.
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4 Fige 9« Modifications in tilte gravity and strain tides due to

the partially moiten 2one beneath Yellowstone National Park assuming a
10X reductiaon in Vpe Models (I} and (11) are for the hody shown
axtending to 100 kme In (I) the material properties correspond to flat
inctusionse In (11) the properties correspond to round Jinclusionse.
Mode! (II1) has the same material properties as (1) put extends to 2090
km depth (taken from Harrison and Flachy 1976),
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contourse Jur proposed tiltmeter sites are shown by triangies,




